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 A  s  a  s  e  r  v  i  c  e  t  o  o  u  r  c  u  s  t  o  m  e  r  s  w  e  a  r  e  p  r  o  v  i  d  i  n  g  t  h  i  s  e  a  r  l  y  v  e  r  s  i  o  n  o  f  t  h  e  m  a  n  u  s  c  r  i  p  t  .  T  h  e  m  a  n  u  s  c  r  i  p  t  w  i  l  l  u  n  d  e  r  g  o  c  o  p  y  e  d  i  t  i  n  g  ,  t  y  p  e  s  e  t  t  i  n  g  ,  a  n  d  r  e  v  i  e  w  o  f  t  h  e  r  e  s  u  l  t  i  n  g  p  r  o  o  f  b  e  f  o  r  e  i  t  i  s  p  u  b  l  i  s  h  e  d  i  n  i  t  s  f  i  n  a  l  f  o  r  m  .  P  l  e  a  s  e  n  o  t  e  t  h  a  t  d  u  r  i  n  g  t  h  e  p  r  o  d  u  c  t  i  o  n  p  r  o  c  e  s  s  e  r  r  o  r  s  m  a  y  b  e  d  i  s  c  o  v  e  r  e  d  w  h  i  c  h  c  o  u  l  d  a  f  f  e  c  t  t  h  e  c  o  n  t  e  n  t  ,  a  n  d  a  l  l  l  e  g  a  l  d  i  s  c  l  a  i  m  e  r  s  t  h  a  t  a  p  p  l  y  t  o  t  h  e  j  o  u  r  n  a  l  p 
Abstract
This study examines the mechanical characteristics of composite structures evolving with the strain rates. The purpose of this work is the use of Split Hopkinson Pressure Bar (SHPB) for the dynamic characterization of the fibre orientation and strain rate effects in particular on the mechanical behaviour, the damage and the strength of a glass/epoxy composite, very much used in the naval domain. It is also a question of understanding the microscopic mechanisms leading to the damage and the failure of material and of quantifying their evolution with the strain rate. The materials examined in the study were all manufactured using the infusion process. E-glass fibres were impregnated with a low viscosity epoxy resin. Samples, of cubic geometry, are tested in the thickness direction for seven fibre orientations, 0°, ±20°, ±30°, ±45°, ±60°, ±70° and
90°.
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Introduction
The composite materials with organic matrix found important applications in the shipbuilding industries. New applications of the composites are identified, including The behaviour of structures subject to impact has been of interest to many scientists for purposes of design as well as developing constitutive models of the materials tested [5] [6] . The study of the composite materials behaviour at high strain rates is still relatively new and reliable data on strain rate effects is very scarce. Although the problem of obtaining reliable data is accentuated by difficulties encountered in designing and conducting of impact tests on composites [7] . The qualitative relationship between the dynamic constitutive response and the dynamic damage evolution for composites at high strain rates are still far from understanding. To investigate the ratedependent constitutive relations of materials at high strain rates, the Split Hopkinson Pressure Bar (SHPB) technique has been extensively accepted [8] . The experience of the use of SHPB for the investigation of metals led to the adaptation of this technique for the laminated polymer composites characterization at medium strain rates.
Significant efforts has been made to examine the high strain rate behaviour using the split Hopkinson bar, of more brittle materials such as composites and ceramics, to measure dynamic response of materials under varying loading conditions [9] [10] [11] [12] . Most recently, the study conducted by Hosur et al. [13] presents the effect of in-plane off-axis testing of an 8-harness satin weave carbon fabric/SC15 composite specimens.
Specimens were tested in the in-plane direction of 0°, 15°, 30°, 45°, 60°, 75°, and 90° in a range of strain rates from 1092 to 2425 s -1
. From this study it was noted that the high strain rate tested specimens showed considerable increase in the stress to failure and In this study, specimens of glass/epoxy composite used in marine applications were subjected to a static and dynamic compression loading. Quasi-static tests were conducted on an Instron universal machine to evaluate the elastic properties and quasi- 
Material and specimens
The material used in this study consists of 2400 Tex E-glass fibres impregnated with an epoxy matrix. The resin is a EPOLAM pre-polymer, EPOLAM 2020 hardener and 2020 accelerator from Axson. Glass fibres are commonly used for naval applications because of their high strength/mass ratio and their low cost compared to other reinforcements. The reinforcement consists of a plain weave fabric with 90% warp yarns and 10% weft yarns. Panels were made by infusion process and seven orientations are studied: 0°, ±20°, ±30°, ±45°, ±60°, ±70° and 90°. The square panels, 500 × 500 mm, were cut into samples of the geometry which dimensions are shown in Table 1 .
The standard deviations are indicated in brackets. Laminate properties given in Table 2 are calculated by laminate theory expressions [18] .
Elastic properties
Two types of static compression tests are used to obtain the elastic properties of the lamina. In-plane loading (IP), parallel to the plies plane; plane (1,2), and out-of-plane loading (OP), according to the thickness; direction 3. Table 2 compares the elastic values of the characteristics drawn from relations of micromechanics with those resulting from experimental work.
One can note that the damage for out-of-plane loading case appears by a cracking along the diagonal of the cube, which means that cracking crossed the weft yarns which represent the weakest part of the fabric. On the other hand, the matrix cracks and delamination occur in the privileged interlaminar planes for in-plane loading, Figure 1 .
Dynamic tests
The split Hopkinson bar test is the most commonly used method for determining material properties at high strain rates, Figure 2a . This technique of characterization, based on the response of a material to wave propagation for high strain rate from 100s -1 to 5000s -1 , was improved by Kolsky [8] .
The experimental set-up consists of (1) 
Strain rate dependencies of dynamic mechanical properties
Before launching the experimental study for dynamic case, it is necessary to be ensured of the tests reproducibility. For this objective, for each fibre orientation, a minimum of two tests was carried out at the same impact pressure to analyze dispersion.
As figure 4 shows it, it is noted that dispersion is weak and that was checked for all the tests. are obtained using SHPB. Figure 5 shows the evolution of the strain rate versus time. The maximum value is considered for the analysis of the experimental results.
The strain rate evolution is sensitive to the entry pressure in the chamber of compressed air P (impact pressure of the striker on the input bar), the loading direction and the sample lay-up (angle θ ). we will analyze that in detail in the following section.
For the results analysis and exploitation, we will be interested in the evolution of: initial In a concern of simplifying the graphic representations, the analyzed parameters:
and Max ε will be given according to the impact pressure (P) and the fibre orientation θ (Teta). The evolution of ε is approximated by a quadratic equation, Figure 6 . Table 3 gives the coefficients of this function. Figure 7 gives the experimental curves in blue and the envelope surface. The evolution of ε follows two phases: a first phase (
) where the increase is fast and the second phase where the variation is less marked. The fibre orientation has 7 an effect on the strain rate evolution. Indeed, one notices on blue curves that the evolution of ε is relatively similar for samples 20/70, 30/60 and 45/45 whereas for samples 0/90 it is different. 
Damage
The damage tolerance is an important parameter for the use of composite materials in the technologically advanced sectors and in particular for military naval applications.
This characterization passes by drawing up the history and the damage kinetics of material from initiation until the complete failure. Several techniques are used to 8 examine the extent of damage. First, during the dynamic compression, High-speed photography and infrared camera were used to follow the damage in the samples.
Frames taken in real time are used for illustrating the evolution of the damage. Impacted samples were inspected by optical techniques and fluorescent dye was applied to improve damage visualization. The damage can also be located by the presence of a second peak on the
curve. To the formation of this peak a fall of stress corresponds, Figure 10 .
The first observation that one can make, for out-of-plane tests, is that material shows a greater strength. The damage appears only for the great impact pressures: 0.8bar for figure 13 . In fact for these specimens multiple mode fracture is depicted. As the strain rate increase more damage mechanism is involved; from matrix cracking to delamination with multiple paths to final fracture. For 0/90 and 45/45 specimens a dominant path is observed along the weakest link, respectively across weft yarns and plies interfaces, witch may explain the lower strength. The kinetics of damage for this direction of loading is strongly conditioned by the specimen's fibre orientations. Figure 13 summarizes the history of damaging modes for the various laminates. Samples were subjected to OP tests. The effects of fibre orientation and strain rates in a glass/epoxy composite material under compressive dynamic loading are examined.
Moreover, a family of compressive stress-strain curves, as well as failure modes, at dynamic strain rates at a series of fibre orientation were determined. All of the stressstrain curves had similar shapes: an initial linear elastic portion followed by a nonlinear behaviour until failure. The stress-strain curves of the composite materials show that the material is strongly sensitive to fibre orientation at the same impact pressure: the initial modulus of elasticity, maximum failure stress, strain at maximum stress and the maximum strain are all dependent on fibre orientation and strain rates. The initiation and propagation of failure mechanisms at different strain rates have been examined. The most pronounced effect of increasing the strain rate results in changes in the failure modes. Specimen fails by fibre kinking at low strain rates, with delamination and interfacial separation dominating the high strain rate failure regime. Off-axis composites and angle ply laminates exhibited significant nonlinear and strain dependent behaviour. 
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